Transverse Mode with Y-Junction Structures in Broad-Area Oxide-Confined Vertical-Cavity Surface-Emitting Laser
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Institute of Electro-Optical Engineering, National Chiao-Tung University, Hsinchu, Taiwan 300, Republic of China (Received December 26, 2002; accepted for publication March 5, 2003) We present experimental data characterizing the first-observed transverse mode with y-junction structures in a broad-area (20 mm in diameter) oxide-confined vertical-cavity surface-emitting laser at a 22.3 mA injection current which is larger than the thermal roll-over point. The formation of the y-junction structured pattern, which can be observed in far-field images, is due to an interaction between adjacent high-order transverse modes. [DOI: 10.1143/JJAP.42.L458]
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The vertical-cavity surface-emitting laser (VCSEL) is a well-established device for applications in optical communications, optical interconnections, optical neural networks, and optical signal processing. However, because of the possibility of a large Fresnel number, 1) a rich variety of mode dynamics can therefore be expected in oxide-confined VCSEL such as the whispering gallery modes, 2, 3) HermiteGaussian, Laguerre-Gaussian modes, [4] [5] [6] [7] and others. [8] [9] [10] In this study, we observe the transverse modes with yjunction structures in a broad-area oxide-confined VCSEL while the injection current is larger than the thermal rollover point. We experimentally investigate the near-and farfield transverse modes and corresponding spectral data under a CW pumping condition. Due to the inhomogeneous distribution of carriers and temperature in conjunction with a large index step supported by the oxidized layers, the VCSEL under investigation is operated in a multi transverse high-order-mode regime. The interaction between these high-order transverse modes causes the formation of a complex y-junction structured pattern which can only be observed in far-field images.
The device under investigation is a broad-area (20 mm in diameter) oxide-confined VCSEL grown using metal-organic chemical vapor deposition (MOCVD) to emit at approximately 809 nm. Its active region comprises three Al 0:08 Ga 0:92 As-Al 0:36 Ga 0:64 As quantum wells clad in spacers to form a single-wavelength-long cavity. A high-Al composition Al 0:97 Ga 0:03 As layer placed at the first p-type doping distributed Bragg reflector (p-DBR) mirror is oxidized for current and optical confinement. The optical power versus injection current characteristic of oxide-confined VCSEL is shown in Fig. 1 , which reveals significant thermal roll-over behavior. Its threshold current is $2:7 mA and its maximum power is $6:4 mW. To study its characteristics of spatial distribution, we couple the near-field image onto the beam profiler using a collimating objective lens. As for far-field image, we project the far-field pattern on a screen and then record it with a CCD camera.
Near-field images of the 20 mm diameter oxide-confined VCSEL are presented in Fig. 2 , and corresponding spectrum is shown in Fig. 3 . A noncircular symmetry of the transverse mode can be already seen from a first look at the optical near-field images because of the anisotropic oxidation speed. 7) While the injection current is 22.3 mA, which is larger than the thermal roll-over point, the high-intensity distribution can only be observed around the periphery of the oxide aperture as shown in Fig. 2(a) . The laser is operated in multi transverse modes according to the corresponding spectrum in Fig. 3(a) . These two results indicate that the multiple high-order transverse modes tend to gather around the periphery of the oxide aperture due to a strong optical confinement induced by the oxidized layers. Therefore the yjunction structured pattern cannot be observed in the nearfield images. At an even larger injection current of 23.3 mA, the lasing near-field pattern becomes a pure single highorder mode which has 18 spots as shown in Figs. 2(b) and  3(b) . The results reveal that the mode suppression is strongly influenced by thermal effect, and the inhomogeneous distributions of spatial carriers and thermal gradients in the laser cause a strong tendency towards the emission of highorder transverse modes. 4) We present the far-field intensity distribution in Fig. 4 , which contains the 180 -rotation symmetrical images at injection currents of 22.3 mA (a) and 23.3 mA (b). The yjunction structured pattern is observed in Fig. 4(a) and a 9th-order daisy mode is observed in Fig. 4(b) . Since the lasing modes of the VCSEL at 22.3 mA are multiple transverse modes according to Fig. 3(a) and these high-order transverse modes have similar divergent angles in far-field emission as shown in Fig. 4(a) , we conclude that the interaction between the adjacent high-order transverse modes induces the formation of the y-junction structured pattern.
The y-junction structured pattern is extensively observed in studies of pattern formation. [11] [12] [13] One of the complex dynamics that govern these patterns is perhaps the occurrence of instabilities and symmetry breaking. In lasers, the yjunction structured pattern observed so far was in the interferogram of optical vortices. 14, 15) The interference fringe with y-junction structured pattern is called ''edge phase dislocation '' 14) or ''forks''. 15) For the broad-area oxide-confined VCSEL, the y-junction structured pattern in far-field intensity distribution is first reported. The y-junction structured pattern is observed in the far-field emission pattern while the injection current is 22.3 mA, which is larger than the thermal roll-over point. With an even larger current, the thermal effect dominates, and the far-field emission pattern becomes a 9th-order daisy mode due to inhomogeneous distributions of carriers and thermal gradients.
In conclusion, we have presented experimental data of the transverse lasing modes with y-junction structure in a broadarea (20 mm in diameter) oxide-confined VCSEL at an injection current which is larger than the thermal roll-over point. In near-field experimental results, a strong optical confinement introduced by the oxidized layers causes the multiple high-order transverse modes to gather around the periphery of the oxide aperture so that the y-junction structured pattern cannot be observed. Based on the far-field experimental results, we conclude that these adjacent highorder transverse modes with similar divergent angles induce an interaction which causes the formation of the y-junction structures.
